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*^CD±MI*. 2000^5^1 2 BtOTOTTwin Waveguide Based Design f 
or Photonic Integrated Circuits" (-fi#;JgeSSlcS^< ^^ftftSS&tDHSlt) 

tm-? z>*mfeftmiamM e 0/2 o 3. 8 4 6^iMfct). ^w^iic 

[0 0 0 2] 
[0 0 0 3] 

ft+mmmffi (PIC: photonic integrated circuit) li. mm&Wi<»-& 

sjmttt&o mx.it. p 1 cii. isu- 9% mfo&s * 

^^3tlii|§iS (SOA : semiconductor optical amplifier). t£ i=>tfl--?-<Z)l5A N 
(D^Wfc^^lb^^T/NVX^IS^-r^CtA^^^o P I CKfcl^Tfg 
iil3J;^lf/WX^/ U i/v<7lz-mt?& cilery % ^iifilcfflL^ 

[0 0 0 4] 

4#l=^»14A<»l^P I C^SIKDI OIC, SW-S^K (TG : twin wav 
eguide) fiitA<fc& 0 ^fi^&S&l*. >S^fg^ (evanescent field coupling) 
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[0 0 0 6] 

IE*tf?fr~!i#;j£S& (ATG : asymmetric twin waveguide) ^P^litt-S. 
MTG^itTb^ 1 999^6^2 2 B tU^(D"Twin Waveguide Based Design for 
Photonic Integrated Circuits" (=S*;&SSl::S-3< 3t^F*aislSSa>iSI+) £ 
H-r<5*@*#I*tMmO 9, 3 3 7. 7 8 5-5§-|C|IB7F£;h.Tl^ 0 *-<Drt#l±, 

tfmtez>m&&i*ix<Dfrmffli?-%j: ? \znm.T& c d: \z^ y „ ^- kt^^^s 

2 W^SSP B 10)5tx^;u4rCD*Ji^ tztemm (ad i abat i c) £ -Sfg^liffc £M 
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A T GA^«ft«tttt«rt ft*C tlitt58lf HBSL IEEE Photonic Tech 
nology Letters <7>m 1 1 19^ (1 999^9^) lcfga£*if::"Eff icien 
t Coupling in Integrated Twin-Waveguide Lasers Using Waveguide Tapers" ( 

-So t<D^mt. CtDf&Ci: a^tL^Z t <t-Ti) 0 Mlc. IEEE Pho 

tonic Tech. Letter s(D % 1 2#. 15^ (2000^5^) lcf§^£;h,7VAsym 
metric Twin-Waveguide 1.55-jum Wavelength Laser with a Distributed Bragg 
Reflector" (#»:?^ y <f ^imfo-Mmim 1 . 5 5 ju m&ft 

U— 9 s • TV\VX0>l£ftlZO^Tli87FL-Cl^o ^0>l*3#l*. C<D*SIC«i; y * 
[0 0 0 8] 

ibtiXl^&o MlCJf#^-rttl*\ FiberSystems Internationale 2 0 O 0^6/7 
ft J %\zmm.£ft.tz. "Manufacturers Focus on the 40 Gbit/s Challenge" (gfjg 
H#(7)g^l±4 OGb i t/s^<DSM£) irli-f <5>Nisa HhanfccfctfJim RuelCfc 

. *il:tt**i^Ci:tt^o Ml-. (photo-optical amplifier 

[O O O 9] 
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[0 0 14] 
[0 0 1 5] 

[0 0 1 6] 
[0 0 1 7 ] 

-5c (ATG) (DfSt+ICOlN-CI*. 1 999^6^22BtlJi 

<D"Twin Waveguide Based Design for Photonic Integrated Circuits" (Zi^ 
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awicm 2 *^ssi*! -e^urr * <£ o i~ £ d t iz & „ 

[0 0 1 8] 

^Ltztft^m^mr^tft^thp i c «i»aKi=*>i^r»*L 

[0 0 19] 

01 Alt ^BJ<7)-S^lCcfc^^tilT : /N*-l'X(7)-^J(D^ig|^^-r o HItf 
(DJ:5lc, U v^^lcmWLfc^aiP I C 1 1 0jb<Slfi1 1 2±lciiSL 
. §1iMl 1 4. m2m&&l 1 6. fc«fctf&aifll 1 8£<B&*.TIn<£> 0 # 
&&P I C 1 10lt MIC rtD>^^7h1 20fcJ:^pa>^h1 2 2 
^.Tl^o #;&8&1 1 4I£. U>X<b(lensed)*fcl*^(cleaved) Lfcm-^E 

ag&i&i 1 4&&lS[s^X\t?itz\t.mm%Z>T -f /*M0!>IS^«5feli2 
dB^lTfe^. MIC $;&8&1 1 4(Z>ia«»«flfil*. MfcJclttcTOGlH 
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<&=fc J 5l^ 

[0 0 2 0] 

»;&S&1 1 6li, 1 4_tlc{£«U Ztit-' fttfJlcJ&fig^ft-Cl^o 

^E-KCD3tl±. #£S&1 1 4rt£<£Sfrr**-K<D3fc«fcy4,* *r#jJS#rW*£ 

*><&J3. 2fcl*L3. 2 2 (DPbIT'&^o #&S& 1 1 61*. ^j&SS 1 1 4j^t>#jfc 
S&1 1 e^W^tD^^^S-T^/i^lC-aiJ®^— • I'J7 1 1 7£*rLTl^<5> 

0 mmmm<D-mvit. #&ssi 1 4fcj:tfa9&s&i 1 6p B i<7)^ti^iii dB 

[002 1] 

cfel/ I n G a A sqRJjXg^^J^-g). P I NS^^fc^, m&MB<»-mX*lt 

. 1 8A<#;£S&1 1 6 tiZftmttji^Xl^tf. &tb3§ 1 1 8 

1 1 6rtlC-i*1bLTt,J:^C<b£;±i5L-Cfc<o 

[0 0 2 2] 

tfblts 1 4^®oT3t^aiP IC11 oicASfT^o 9^1 1 4ii 

^E- KcD5tA<#;^1 1 4£iIoTfei&U #&S& 1 1 6(D^r-/<S|M 

1 7iciij^-r^«»:, #;^ssi 1 6rt£a«3;L&#><5 0 $ i wmtommmt 
m&tiBizmm-r&t* ^-^^mmLtzmtm2=E-^<Dmzm^n>o 12 

m2^E-K(Mli. ^tb^1 1 8IC^tjtMlC^$H^)o l£iiJ§§1 1 8<7>ft£|C 
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t>tz-?X. +»fe«©>8«» (evanescent f ield) 1 1 7ttlcfc 

[0 0 2 3] 

3 0(4. 1 4te<fci;i 1 6JcBHSLr(4iBL. ^ClcAltLfeft^SSt 

Ry» 2isig(7)®i©i^iz^ajsi 1 8(DT-ei»ijx-r^)Ci:A<-e#-s„ string 

iCttfflSl 1 8<DT$iijftr*«fc3lcLfc^tlC<fey, J5StS&1 3 O (4;1f£fi*Jl~ 
1 0<0tBS14*S«)-5o JEIC. 3 OlCckoT^aiill 1 8(0 

TT53fe^2ls]®ig-r-5)cfc5lcL^<Dr% 1 8$«BattlC/JxS'(b'T?#. L 

fr*0i:u^U(BJ6§tt£«**C J5*T3S1 3 0 1*. 0UtL(4. 

f=r±«o«fe5*sa*tt*a-ciija-r*i:«feL^ 3014, gtm&x 

[0 0 2 4] 

*HMI=J:SI^«5#jft»ttai»l±. *e£«5fc£*'>l=JfP5U iiftSJt (polar 
ization sensitivity) £«< fflilfcc UBS. &tiJt&a>J6^t!fel4 
d*;ic*£<te#-r-So *nweii. »#tti=, #&Ka>m 

[0 0 2 5] 

ei 2i*. ^ttaip i c i i o<ommm<D— mtt-to m^<o^^iz % pi ci 

1 0(4, ¥«lt, BP*», K-^I nPlfiil 1 2±(ci$S-r^>o ^liKBl 1 
4(4. H2 0. 5 5//m©6O0 InPf21 2 0>miZftWL£l±tz. H£ 5 0 0 
t^^XhP — 5 Ofl) I nGaAsP (/*> K^f-V ^E g = 1 . 03eV 
) 12 1 Ofrf>fi£&„ 1 4<7)$§fiE^ISI+-r^>(c|^Lr, 1 4^ 

^^(CfeSft-r^^E— K0>3fc*<ttl3. 1 7 34'L^L3. 1 7 7 (D^CD^^SSt^^ 
^-T-5«fc5(zLfc 0 
[0 0 2 6] 
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1 61*. 0. 25fc:l^L0. 2 9 V m(Dr£\(DmZ : £ttZ>*$: I n G 
aAsP§21 4^i^tl^. m&mi 1 6li. 4>AJV 2 1 4(D##J|C 

£><5k 2 00)3 00AlnGaAsPf21 6£(i*.. -5-(7>:&*l£. 2 0(0 9 0 
0Afl)inP|2i 8<DffllziZLW.-?Z> 0 ^;«S&1 1 6 ^IStt-r -SI^IC. #;£S&1 

1 6rt£±l::teaS:-f &^E— K(D3feA^3. 2^1^13. 2 2 a>*r3&HJJr*£*rr 
^cfcaiCL/io P I C 1 1 0a>^»fl5KttlC«fc*llis 1214, 2 16. 

2 i siCcfcor, #;£S&i 1 6rt£±icfc]|g^&5fc(D^-Kli, 1 4i*j 

[0 0 2 7] 

1 6 «fc P I NttttJ&l 1 8 &0>miC, J!£0. 1 5 jUm©n - K— ^ 
Jl2 2 0£I5gU £itMS£fc<fctf!ftl]X£i8*$tS-£. PI N^thStl 1 8 1*. 
mZrflfaO. Ifcl^LO. 3 fjt™<DmVfo&n- K— 3?J1 2 2 2. ff£rf>^0. 

5^LNL0. 6//m(75F B 1-efc^ I n o. 53G a 0. 47 A s QRJiRjf 2 2 4 . fccfctfJS£ 
;!)<ft)0. 6jUmt'&^p-K-7l nP!2 2 6^bfiEI) 0 {tiK7)||J6ff^-C(±. 

P I Nllitlcfclt^ K— t 0 >^®(DH1±^i£lcLr. P+TiiJl. I^K— 3fl n 

[0 0 2 8] 

^I^LTtiSt^fc^o 0»J*.l* 1 mm t I* ?<£?$:J£^fl*JSL^H (length) lz 

te&mT&ZttfXZ&o LfrLfc#£. *SgBJ#£>li. ^icm^ffl (propo 
rtionk BP*), ft) 2 5 0£L*L4 0 O u mO>m<D§}m^r— /"v^ffll^T. ig^ti 

[0 0 2 9] 

0 3lt ft&fcHP I ci i O(7)±®gl^^-r o ccDHSS^Sro-^JTMi. SSS^ 

®M1 1 4(DiH$5 //m<t-r^o C(7)i|ii^CCT'liWFIB«i:P¥^o #;£8§ 1 1 
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. 8&l^L2. 2 Um(Dfflt-?&o ZCD^Z ^ ZVl*\NjwtW& 0 WjAPEND* 

wtaps &&if\-jnpizm&(Dm&mm?z>t. mm^—/^(Dnmeit. mo. o 

[0 0 3 0] 

%&&P I N 1 1 Ol*. -^(Dy'X^r^^fcJcUJx^^^^XMl^^or^it 

7D- — h^^-To 0^(Dcfcai-s ^f*;^4 1 OlcfcLNT. El2^#KBL 
fcA<£5fc(c|&B^Lfc/f A^fiS^^ U *>^^«jfi$. fl^bf— A ■ Xt?£4r*> ( 
MBE) *7=l**JS*«<b^33g* (MOCVD) IcJ:oT. i-01t° 

1 1 eo>±m&T*fa&-f&o XtV?4 1 4 leaser* ^rx+r^lcJ: 

©I'J7^M1 1 4(D±®*T*^-r^o Xf7 7'4 1 6|Z^tN-C> VX^r 

*«1 1 2<D±ffi*-e»*"T*o 
[003 1] 

$fe[cafEL7c^^lz N ^;&S&1 1 2fc<J:^#Ml 1 4 ffla>5fc£&£!)^ IP*, 
;^SSF B 1(7)^^tt(7)^^LN|i, 2 0(7)#;^S&^^J5Jc-r^iHI>!7(7) I n G a A s Pjf (7) 

isssisiinic o r n^-r & o> -c y . *mjf a>«j*ic & it & *s jsc: % <dv itu 

l^o MIC I nGaAsP(Dm&&m\zFi)?htf<PLVi>fo&t. 5E7J0>#;£ 
^l^#^SfS-To C<7> K'J 3> h(i± 1 0%ICfc&i§^tffc£> o 
[0 0 3 2] 
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ttlC^LTIEm'fkLTfc-So Hl^CDcfc^lC I n G a A s P Jf (Dj&KSgJg^&J 0 
. 9ftl*L1. 1<7>IUk BP*>. ± 1 0%(Dl£t>-D£tffc&i§^ ^aj^CDfS^ti 
fiZ(DI*i=>0#(D^#^9fe<i:§lt-r. &J0. 8A/Wt'fc^. ZCDcfc CCD 
&£ii3#<7>t!fet£ (16^1*) I*. ffi&CDl n P I nGaAsPl(D« 

[0 0 3 3] 
[0 O 3 4] 

x^-r^^^-efe^o g]6 ictfi-^ a (3. (wjapend) i^fci^ci. 0 

MmOm&GL. ir—/<m (LJAP) #4 0 0 n mlcH L 1*7— 7— /n° 

(Dfitim^jSL^^ (WjAP) 1 . 8&l^L2. 2vm<DmiZ&> 

[0 0 3 5] 

t40GH z^-C(7>iiJt-C^ffl-r^(DlC^Lr^^ 0 *SgBJ!#£>li. kittle. 

&xmiz&m-?z>\£h>'DZizttLTMterf&>&tzisbs mmytmmmm\zt$nz>& 
miz&\zmi^mi$.£ffiz.xi*z>o 

[0 0 3 6] 

1 cf/wx^ti, 0 2 0cty t^L^a»^»»**»**r-r-6P 1 c 
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[0 0 3 7] 

g|7li, 20<fcy i^llt(^^fli«Xtt^^iP I Ctv\VX0)-0IJ 
£7F"t £4*11*1 Trfc£ 0 mm<D&v\Z. PI C7 00lt fl1 ^&i&7 12, 12 
#&&&7 1 4, fc«*:tfm3^;&S&7 1 6fr£>fijc& 0 #&S&7 12, 7 14, fc£ 

Tuizfcm-rz&^izft?,, m : MmzM&T-'<&Mj&L. m^m<D%<D^m 
&ftm?z> 0 mtuz. m&&7 1 4iziz®mT-/*7 1 8«u »;&s&7 1 
2fc^t/«^7 1 4r B i-e^^$s^-r-g)o f*\m\z. m&&7 1 sicmij®^-/'? 

7 2 0 «;£S&7 1 6fc<fctf#;£S&7 1 4mx°9t&&m£l± &o 

[0 0 3 8] 

*;£S&7 12, 7 14, fcj:^7 1 6£ffll^i:, m-S*K±l^^lbfc«fei;S 

WiT : /<-rx^iSit^)C:<!:A<T^^o 0"J*.(*\ zHt>0)#&S&£ffl^-c, 0iJ;U£s 

C*ib0>^;£S&£ffli,>-c, ^am, X^'J^^, -?v/\-iz> 

V— T^It, te^Sff, ISJcl/TU^ttOT ( A WG: arrayed waveguide) 
*<&cfc?fcSi&^/NVX£l£lt3C<h£-e£6o ^H, 12, 7 14, 

[0 0 3 9] 

mzmwT—'SZMmL. m : &&m\z&\fz>yt(D*:— Fn&mzwmT&o miz 
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[0 0 4 0] 

i^*s/3t^aip i ci4. 2o*y t^^siee^»»#«K*«7Lfcp i c 
s§ (soa) ttitmn&miim (twa) tncir^-ets. i2$Ma) 

fi*lct)fcoTJii|SLf=«. #£»3*»ttl::fS^U «3»&l&l::>B»Wl::l|£ 

# $ ft r i> -5 ft&aiS&ic ck o r ft^W icMrf 5 . 

[004 1] 

msits **wic<fc**«MB»$*-r**»#*ttaip i ca>-0ii£jF-r*Mft 

Btfc4. BI*<7>J:dl^ ^/U i/^^l=*«Lf=3tttaiP I C 8 1 0I4. 
8 1 2ll:ML, tt«9aftK8 1 4. igi^ag&S&S 1 6. £3*tt»8 1 8. 
fcJ:i;ttliJ*8 2 0^fc>^*o $M8 1 4I4. 4gft<& 5 /i mT? fe U . U>X<lb 
*fcl*M^Lfcm- ; E-K^7'T-r/\^b.(D$S^li^^te<. 2dB* 

7K¥ffi:£{R]l::fcl 1 *T&J 1 3Jgfcl^L 1 8 g.<DmV fc£ . ^;&S&8 1 41*. $ 1 

-hw<±i:W8i 4^£fc^£cfc?i::is:f+£*vci^„ mmrmcD- 

[0 0 4 2] 

WB&&%8 1 6 14. 1 4±lc(iSL. zH<t-^Wlcff^$ttr^ 

&0>*^#p (MQW) *fer4*««3S:1i6»ia«^trct*<-C#*„ *;££&8 
1 614. I2t- Ktf>&#£lC^;£g§8 1 6 ^^"flick 5 l-ISlt$HTL^-i>o 

i^»j»a»is:tnc«fc*ui. «2«»&8 i 6rt£aiflrf &m2^-K(Dfti4. 

#*J3. 3 2(D^jaUTS^^L. Z*U4i®&S&8 1 4P*3£a«&-r<5fg1 ^E-K(D 
7tlC^3^®^m«k L J t*#l>o m : J&&8 1 6(4. ^;£S&8 1 4»&iift8 
1 6^(7)3fca>^£&«^3fc#)lztij®^— • I«J78 1 7£WLTl^„ H 
Sfcjf^a>-0|JT*I4. #;£8&8 1 6*JJ:l/#;fcS&8 1 4 PiU<D5i£^*i*l4 1 db^il 
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[0 0 4 3] 

TL^„ #»«U&»8&»tH::<fc*ltf, >g;&S&8 1 8rt£fEtt£f -Sm3^E-K(D5t 
I*. £)3. 3 7©^Ij)T$^L, Zftli^&S&S 1 6 fl£fe]ft-f S^^- 
Ka^K^W^Btfr^y fc*£l>o £fc. g&8§8 1 8tfi'Jt5-r-^- x'J 
78 1 9£*TU ^;£S&8 1 6^£>^;£S&8 1 8 — (D%(D^^m LTU<i>„ 
3lififl&fig<D— 0!lT?l±s S&S&8 1 8fccfctf#;&S&8 1 6 fflOtteHI&tt: 1 d 

ffix*&z> 0 fsi. mmmmcD— mx*it. ^— /^s 1 9fc£t/8 1 7i*migL-ci^ 
fci^ ■fte(7>ii»s-e(*. t— /^8 i 7t$&if8 i 9 1*, mmzk-oxizWA 

[0 0 4 4] 

«lttSS8 2 0li. ^L;£S§8 1 8±CH£BU C;h£-ttMIZff2j££;h.-Cl,^o 
USSJ&SCD-tfiJTM*. 8StiiS&8 2 0C7>S£I±&J2 0 fcIN L 5 0 // mfl)lii|tft U . 
p + <7=7VT4 >^*I8 3 0, n + S^Jf8 3 2 N fccfctf I n G a A sM8 

3 4frt>f&&p i NM^iai^rfc^o ^s&8 1 8fc£imai2§8 2 omoirjix 

^Utlis ft&th&S 2 0(7)3 O /im(D|6fflT?l*8 0%J; y £*£l^ 0 ft. HJfcffc 

^(D-GIJ-CI*. 4^£±S§ff 8 2 0(*#;£jg&8 1 8 tit%m<Dffif$.mmvfoz>rf. %\\<D 

mmmmxit. t^mms 2 o&mms 1 sflic-tMbL-c^i^cii^&tEL 

[0 0 4 5] 

#;£S&8 1 T— -1^78 1 9 (Diifr:5l::j£fr*<i>J£3§X 'J T 8 40^ 

fro ag&S&S 4 2(D±®(CJ4, a*;j£S&8 1 6 |*|::^;£;K£i£i|isS££SM;t-3tfi 
1 zi>£^ h • I'J7^fc^, H»^(7)-^jTMi. C(Dzi>$? hlip + n> 
htfe^, #;£S&8 1 60)J8ffi«$5Stt^-r*SB23>^^ Hi. ^;£S&8 
1 4(0118 4 4-efc<5 0 HJtefl2S<BHW m2l3>$<7hl£n+U>*^ 
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[0 0 4 6] 

3fc(4. m&&8 1 4£iIoTpfc&tiiP IC81 OlCAIt-T^o #&S&8 1 4I4 
. 0>J*I4. %Z?T*^0&ott\\<D?'U*\zm%r&Z£tf-(*ZZ> 0 
tI1 ^E— K(D^^;Jgeg&8 1 4£fej$L. ^£E&8 1 6(D^— /«P 8 1 7 IC&J 
B-^-Sxi:. #&S&8 1 6l*9£tettSLte#>£ 0 £ 1 Ka>*r$)JS}JT3M4. t—s* 
i$t&8 1 7 (DmZlZfrtz-oXmtt&o *<D%£^ f-/^8 1 7 (DffSiAiffilC 
iUil-f <£><!:> ^r-/^^a^L^?fel*m2^-K(7)^lcit^L. ±l::#&g&8 1 

<D$gm<tLr. mm&m&o ±iz&&&8 1 6rt£fefc-r*»2*— kom^i*, 

2g;£S&8 1 8<Dt—/WS 1 9l^llJ^-r^>«i:. i%%8 1 8 rt£ajftLte#>£ 0 

msk. t— /<«*8 i 9(Di|>smaa5(ziij^-r^«t. t 1 — /<rt*e«Lfc3t(4»3* 

- h*<Dmzm&L. £lc#»g&8 1 8lclWIS$*i<&o #;£S&8 1 8I*. ^tfcttlc 
1£iiS3&8 2 Olc$g^£;tx-Cl^<g>o +#fcft<D$fitt» (evanescent field)**, &fcb 
§§8 2 0(7). mz.lt* 2 Ofcl>L 1 O O Umt^omi^mMT*V6Ll&.Z1tls *;£S& 
8 1 8rtlzfclt-53t<D#tt$2«I»fl<IICl#3e-r*Ci:35<"e#-5. 
[O O 4 7] 

in 9 14. **flBfl>-JB«i=<fc*^is«***-r-5.iw«53fettap i c<D-m& 
*-r»fffiia-cfc*o m^od^c:. p i cs 1 014. ¥$fe^st58 1 2±izj$s 

U H«^(7)-0iJ-ei4. ¥KiffiS8 1 214 1 nPt'ifiE^tl^. 
;£S&8 1 414. JV$A<tt3 /i m(D I n G a A s Pjf 9 1 0£il;tTlN<5 o 53'J(DH 
tfifl*t&T?(*» t£$&&tt8 1 414. 18f*^4.oiIl^< -DfrO) I nGaAs 

p»**e>j*y* i n pmtxizWL&z-ezztiz&'DX* K#j»»a» 

(diluted waveguide)£Jf£j£^&C<h£^-efc£ 0 H9$*m^ 

8 1 614. 2 0(D*JRg'N J rPltit^9 1 4 CDfyHctttt? £ 3 0(7) I n G a A s P 

^>o s^-#Fici4ii5§^fccfci;j±iis^^»n^. fi*Ki*a5f&Lfci*3te«Ms» 

£ff£fi£-f<So #;£8&8 1 8(4. Jl£rf)^0. 6 Um(D I n G a A s Pjf 9 1 4 An 
£f£-5> 0 &tti3§8 1 8I4. n - K— ZfM 9 16. I n G a A s l}Rl|Rjf 9 18, 
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<fctf p- n Pjf 9 2 0^bJiE-S„ ®J0>3StlEflS®-ei** P I NUtitlCfclf 

& K— tf>?JB©«tt£i£l=LT\ P+T<£J1. I^K-^InGaAsl, 

[0 0 4 8] 

^»f*3tttaP IC81 O^itf SlCli, -M(D^7,*></ti&lfiJLvT^ 
yxg$«So £11 0I±. *^§BJO)-^lcLfc^oT^aiP I N£S£-r<& 

^□-tzx^-r^p— ^-v— k m^cDct ai^. x^^i o i oi^fei^ 

I nP^itl 1 2Jllcm— (Dxe$4r*>*JbIg-eMBE*fcl*MOCV 
DlCcfcoTfiER^-t+'So X^r^^l 0 1 2lCfcl*T\ TX+^^Cct oT^fctitF 

8 2 oomn&ffi^L. 3Lv*^<fiz&-oxmm<Dm&m : &&8 i 8<D±m^v 

m^T^bo O 1 4|Zfcl^T\ $1®^— '^8 1 9 7«fi!t£;ftTL><S#;j£ 

IS^7X+>^:J:oT^L, x^>yiz£o-CJ^H(DX'JT£#;&S&8 1 

8 1 6(D$IH5£8I3£U Xy^><?|c£oTj§B<DX'J7£«;&8&8 1 4(7>_t® 
*T?l«3c-r*o 0 1 8lZfcUT. ^X4r>^ICcfeo-C#^SS8 1 4(0 

$iifB£*15£U x^><?|cJ:o-CJ1H(7>x'J7£S1S 1 1 2 0>±®£-el&^-r 
Xf7^1 0 2 0l:fcUt, &tB3§8 2 0fc<£tfigi|>I#;&S&8 1 6_tlczi> 

[0 0 4 9] 

*mw%\*. tzmmz. mmco^^tjim^yift^iiip icsi oi*ib^pr^-e 

fe*£*S»f*l*fco Hi 11*. $S^#;£S&8 1 4IC;±ALfc>tlCOLNr. ig"|>S/ 
^tBfAVX8 1 0(DS£|::;Gofc*;^ r 7 — %7fi-?<f : 7 7V&&o H)1 1 (D2E 
«'JlCli. igfllft&aiSS 8 1 0(7)±®III£7fLTI^o Sjg£#;£S&8 1 4. ®\Wt 
— /*8 1 7fc£tf8 1 9. ^bl/(C^iilSS8 2 0£III;fLTI^o 
/\V*8 1 O^fcttg-r-gxi:. a^(DifiESt^a>t?0L/^;KD/^-^f-5o 
[0 0 5 0] 

Ell 1 (DftmiZTji-tttlfcOlf^ZPlt. &ihP I C8 1 0(DM^^EPBlT'#bH 
&/\°?-£B#r.l1(Dli^£ LT^o «1 1 1 Oli, tt«|IMI8 1 4lc±-f&/'5 
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r> — ^ttk-To «1 1 1 214. iii|is#&£&8 1 6lz±-f^/^— &7jk-r o *|1 1 1 
4 14. a©;&8&1 1 1 6lz±?Z>y<r>— 0 ^111 6 14 vX^Alcfclf^^ 

[005 1] 

f/\VX8 1 0\ZX.m^tz%^rf— 14. fi#JlC$££2l;£i&8 1 4|C^-T^o L 
tztf-oX. m)R&& 1 4fl<7>/<«'7 — £^"^1 1 1 0I4. filDIC^-tfP(7>fit^^ 
f^o JteflMW^r/f-f *8 1 0rt£fc«&LTl^< <h. m&&8 1 etDT 1 — /*8 1 
7|-?iJSL. ZCT?/^— l4agi£S&8 1 6IC^-r-S 0 Lf;:A<oT. >S;&i&8 1 
OrtCD/^ — &mi-$% 1 1 1 2I4. ^r— /^8 1 7(D<£S-e±^L#J#)<5o 1 1 
1 2I4. »;£S&8 1 6<D«^^it-e_h#L^lt. #;£&&8 1 6 (Digits 

0 f/Wx8 1 op«g^a^-r^>?fefi-§-i4^— /^8 1 9izML. 

— I4#;£S&8 1 8lC*g^-T*. LfctfoT. *&&8 1 8rt<D/<7 — 1 

1 1 614. 7— /is 1 9 0){4fe±#L}&fe^, ft&lC. f/WX8 1 0 0>^ff 

8 2 0(D7fe4ilC^-r^i4S-ei4. 1 1 1 O. 1112. Ill 4fcJ:tf 1 1 
1 ^/NVX^^SP^lcfclf^/N^-^iilcigT^r^Cfal I off). 

[0 0 5 2] 

[0 0 5 3] 

itipSSHScaa (ASE : amplified spontaneous emission) J^gfiSgCDf&^'tt 

(4. ?>r;u$ safettm-^/^-f xrticisa^at;ct*<a*Li^T?ft?)7. nn 214 

^(7)^51^. f/W^1 2 1 014. 1 2 12. rt»IC3flt«MB»$*-r 

S$2$M1 2 1 4. tttb»1 2 1 8j&<fg££*lTl*£Sf53S|»8&1 2 1 6£ 
«*.T"l*<&o f/WX12 10li, MIC. $2tMl 2 1 4<bm3#;£S&1 2 
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1 6 t<0miZ{iLW?Z>fa : f-7 4 1 220ti^.TL>l)o "Grating-Assisted 
I nGaAsP/ 1 nP Vertical Codi rect ional Coupler Filter" ($&-?-MftJj I nGaA 
s py I n PHHf^— JjfttiZf 1 ? • 7-r;u$) (55 Applied Physics Letters, 2 
011-13 (1 9 8 9^1 1 ) ^Mf-SAIferness et al. IZ ^ZtrnXlzm L < IB 
tE^Tl^&cfcai^ &=F-7'(JV$lt, ASEfcd:^iASE«L§iS 

&ri 2 1 4*Nt>itai-r'5^i*. #&s&i 2 1 eicAirr anin^ te^-r^s 

1 2 2 0|Zj:oT;itiS$tL-g) 0 HI 1 2 (DHJfe^CD-^J^I*. teT^-m^ 1 2 

2 o i**Rt*i z?^ifc=i-xtb y % te^p? ;u* I* 2 o<D^^#;«S&a)r B 1-e»j^-r 

<s> 0 swrnmrnrnxiz. ft+y-ois* 1 2201*. TOa^oxtiv m.^=F 

(straight-on grating) t^h C t i,nimv&Z> 0 &i. ■< )\,$ 1 2 20^ 

S1S^<»: L, }&M<DmftMmm\z1tim?&&?lzLXb&^Zt&&tZLX£> 
< 0 CLCD^a^H^S-eii. 1§T7^^ 1 2 20^ BP*.. SSHLTx 
S;£S§1 2 1 6IC^^tLTL>^>^aiSPIC, ftfc(D : ,&.g:<Dt}t$:A$ti£l±Z><kolZ 

[O O 5 4] 

mi 31*. *mMiz&&mmm/ft&ih&iz&^xm*fr&&?tes jimsizj: 
-ox=btzh 3 ^^§im^(Djt^(D^i±^7rs-r 0 mi 3i*. i o-^t*-^ h ■ x 

(miiiidBm) igi|@^fiP*>soA(D^j#(7)g|l&«i: Lr^t-^7 37-e&^o 

1 Oli. 1 0-9(0 fcf^y h • X^— • U- h^^fiE-T^fc^lC 
-fi" LTl^&l^ 4 O G B p s }£tii3&l;:fcl^-C*&tii RTH&fc&'>A*l/\ 0, 7— ^m^o m 
mz^ j£g|1 3 1 2I±, Ja««£*LTl*#lM OGBps IZfel^XtfHiiBlffatii 
. 1 0"9(Dt*7 K • X7— ■ U— h&m&tztbOWi'P'tr) — ^a-To ^1310 

*jcti;i 3 i zizm^m+cDUi^tfiiiimzm-royx. mtJkw-xfo&o 

[0 0 5 5] 

ttwttotzto* mm 3 i 4(*, 4o^*t*^ utM/ttajsicfcL^rttaiRrfigfe 

„ 1 0-9fl)t*^ K • x^- ■ U— h^ft-Sf-^^a^A^/^-^aL. i£4>S7!>< 
m*i-&tM&\zi&T?Z>o £*H1 3 1 61*. 7^;^^t§4 0^t*^ h 
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m^/&&&lzte^X&iii-5Iifeti:m'PAt}' < i T 7— ££1 3 1 814. 1 

\-m<Vs/W>ih$*lZ&^X&ih-5imt£. 10"9(Dt'7h-i7-- U- h£ 
f#<5f-i6(Da'>A2l/N 0r 7-£^fo 3 2 014. 7-f^$*t«1 

[0 0 5 6] 

i1 31 4fc«J;tf 1 3 1 8-C^-rj:5IC. 1 0" 9 a)t*^ h • X^ — • U— h£ 

t'^h- x^- ■ U— h^^^-Sfctolc^^A*/^— l4-^<h^^o 
»*^4 0GBp stttil*IZ»JS-r<6«ll1 igflS^fc* 4 O G B p 

s ^tii§§ic^f&-r^i^i 3 i 4ttt%tT&t. &m&<Dmmw3 1 5dB^ 

^<tci5-ci4. ffiMotfy K • x^- ■ u- h£*5fctf>i=fcaj«i::fcivc sit 

1 3 1 6fcJ;t/1 3 1 8-e^-TJ;aiC. AS E ^ttilsM.'? %>tzfo\Z.~? 4 JUS* 3ri§3jO 

1414— Jiffi3:&. LfrL&rf)<i=>. 0>J*.I4\ i131 4fcJ;UM 3 1 6-eaLfc4 
O^tf If*;/ h&fcH3£<£> 7t-:-- U— KA<jEI^St^ai§§rM4. 0U;U4. m 
1 3 1 8 1/1 3 2 Ot'lLfc 1 0*r1it2V h^ili§§(D<fc o ISl^/K— • U 
- h<7>gm35*I*£fcfS^tt<7>&«l4. Z>4 )l>*\z£^xmt>4xtj:^Z£Zm?. 
LT£><„ 

[0 0 5 7] 

a<i^ics<s H4ogh z3mfgo>m : &%iT*&mTtz>&o\zW}W-5imv 

[0 0 5 8] 
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[0 0 5 9] 

mrisa>«!iffl/3fettai«p i cii. &mmittmmfc&n&xs2>%i<» z r'U 
in*.. g»#&s§. «i*»fc«fc^«iai»*m-(DP i cic-tntra-HHT? 

SaWSWfclS^Dfca&lCffllV tfjTthj:. X:7'J^£, "7 y/\ • -tf 

r F^I+*5cfcl/TH'^#;J5S& (AWG) ;U— $<Dcfc 3 ^(Dgif/W7 £Jfc 

fr5/ci6. *fcl;ma>SBi*i*»fi£«;p i ctnmmiz ft 5 *5te*««-r a 
7^l::t#ii^§£^&c<!:7b<T?££o zJl&HC^/Wxi*, 
^£*1<?*&<?K S^<li&m^TU^£LT»frr&C =&*A<4 0G 

Hz$-efcJ:i;4 0GHz^ttIiH5y'fX, ^^-f^5^^7 • U>^iJj 

MLtzo 

[0 0 6 0] 

^M^^tW^T^fc^C<i:^^||#liigi6J:5o 0"J*.l±\ *S§BJllc «fc ^Hf^ 
lis 0»J*.l£, GaAs. GaSbfc.fc^GaNOJ:?!:, m&t ZttUX 

<DT'Ux\ztil^Tm^Z>zt&aJMX*foZ>o Mx.lt. *5£mz£Z>mm/lbtii 
ft&lt. ftilfg'J >^<Di^jt4 OGH z^i^^Mt^fcftctW^c 
t^t^^o L7cA*oT. ^(7)*#mS^(7)l5ffl^#RSLT^B^(7)^H$^-r 
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[01 ] 

eii Ait. *mw(D-mmz&z>at&iiiP i com&mx&Zo 

[12] 

121*. ^iiBj^-^iCcfc-s^aip i c<DBfag]-efc3o 

[13] 

in 3 *§£w<D-mmz&&itttfiihp i c0>_t®i-efc<i>o 

[14] 

—=f-*— h-e&&„ 

[15] 

in si*. *^izcfc^^i±ip i coj&^t*^ *(»mtim<Df$.mmm.<Dm$L 

[H16] 
[17] 

em*. ^Bjic c fc'5)Sit»«^SS$2o t fey *,£<^t;p i commmx- 

[18] 
[19] 

i9ii. *mm-mmz&z>mWi/%&i\hp i ctf>®T®i-efc<s„ 

[1 1 o] 

n oii. Kmwo-mmz^tztf-ixmm/fttk&p \ c&m&?z>zrn* 
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[111] 

m i 3] 
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[H15] 



1.0 



< 0.8- 

m 

fci 0.6 J 



0.4- 



[i6] 



0.2 



' ±1096tf)lrf6'O; 
I 1 



InPCDG&RilJg 
InGaAsPGQE&K 



0.6 0.8 l!o 12 l!7 

IBSffcUcInGaPIB<Z>jafi&fi 



0.8 



0.6- 



0.2 



Hpas3« 0.29 pm 



1^*400,^1 



i!o i!s 2!o is 



W TAP (um) 



1.6 
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[@1 3] 
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M 
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-15- 
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-35 




10G SOA-pin 

NF = 7dB; X= 1.5! 
TV, = 3 dB; = 3 dB; 
1^ = 0.6^=20; 

^If^-fJX =18pA/Hz 



SOAC0&U40GBps pin^fe§§ 



SOA^TdXMOGBps pingfetl 

SOA-pin ^ 1312 
, ^1316 



1/2. 



1320 



10 15 20 
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(57) Abstract: A photonic integrated circuit "PIC" device comprising two or more vertically stacked asymmetric waveguides is 
provided. A photo-detector PIC device comprises a first coupling waveguide (114) for providing a low-coupling loss with an external 
optical fiber and for guiding primarily a first mode of light, a second waveguide (1 16) vertically coupled to the first waveguide (114) 
for guiding primarily a second mode of* light having an effective index of refraction different from the first mode, and a photo- 
detector (I 18) vertically coupled to the second waveguide (116). Light received at the coupling waveguide is moved into the second 
waveguide via a lateral taper (1 17) in the second waveguide. The photo-detector PIC may further comprise a third waveguide having 
an optical amplifier therein and positioned between the coupling waveguide and the second waveguide. 
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PHOTONIC INTEGRATED DETECTOR HAVING A PLURALITY OF 
ASYMMETRIC WAVEGUIDES 



RELATED APPLICATIONS 

This application is related by subject matter to 
U.S. Provisional Patent Application Serial Number 
£0/203,846, filed May 12, 2000, entitled "Twin Waveguide 
5 Based Design for Photonic Integrated Circuits" the contents 
of which are hereby incorporated by reference in their 
entirety. 

FIELD OF THE INVENTION 

The present invention relates generally to the 
10 field of optical communications devices, and more 
particularly to photonic integrated circuits. 

BACKGROUND OF THE INVENTION 

Photonic integrated circuits (PIC) provide an 
integrated technology platform increasingly used to form 

15 complex optical circuits. PIC technology allows many 

optical devices, both active and passive, to be integrated 
on a single substrate. For example, PICs may comprise 
integrated lasers, integrated receivers, waveguides, 
detectors, semiconductor optical amplifiers (SOA) , and other 

20 active and passive semiconductor optical devices. 

Monolithic integration of active and passive devices in PICs 
provides an effective integrated technology platform for use 
in optical communications. 

A particularly versatile PIC platform technology 

25 is the integrated twin waveguide (TG) structure. Twin 
waveguides combine active and passive waveguides in a 
vertical directional coupler geometry using evanescent field 
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coupling. The TG structure requires only a single epitaxial 
growth step to produce a structure on which active and 
passive devices are layered and fabricated. That is, TG 
provides a platform technology by which a variety of PICs, 
5 each with different layouts and components, can be 

fabricated from the same base wafer. Integrated components 
are defined by post-growth patterning, eliminating the need 
for epitaxial regrowth. Additionally, the active and 
passive components in a TG-based PIC can be separately 

10 optimized with post-growth processing steps used to 

determine the location and type of devices on the PIC. 

The conventional TG structure, however, suffers 
from the disadvantage that waveguide coupling is strongly 
dependent on device length, due to interaction between 

15 optical modes. For PIC devices such as lasers, the 

interaction between optical modes results in an inability to 
control the lasing threshold current and coupling to passive 
waveguides as a consequence of the sensitivity to variations 
in the device structure itself. The sensitivity variations 

2 0 arise from the interaction between the even and the odd 

modes of propagation in the conventional TG structure. This 
interaction leads to constructive and destructive 
interference in the laser cavity, which affects the 
threshold current, modal gain, coupling efficiency and 

25 output coupling parameters of the device. The conventional 
TG structure suffers from unstable sensitivity in 
performance characteristics due to device length, even/odd 
mode interaction, and variations in the layered structure. 
A modified TG structure, referred to as an 

30 asymmetric twin waveguide (ATG) , disclosed in US Patent 
-Application Serial Number 09,337,785, filed on June 22, 
1999, entitled "Twin Waveguide Based Design for Photonic 
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Integrated Circuits, n the contents of which are hereby- 
incorporated by reference in their entirety, addresses some 
of the performance problems of the conventional TG 
structure. The ATG structure significantly reduces modal 
5 interference by confining different modes of light to 

propagation in different waveguides. This is accomplished 
by designing each of the single mode waveguides that are 
comprised in the twin waveguide such that the mode of light 
that propagates in each of the two waveguides has a 

10 different effective index of refraction. The asymmetric 
waveguides may be laterally tapered to reduce coupling 
losses by resonant or adiabatic coupling of the optical 
energy between the first and second waveguide. The 
asymmetric waveguide design significantly reduces the 

15 interaction between optical modes and therefore represents a 
great improvement over traditional TG devices. 

The ATG promises to be a versatile platform 
technology. Indeed, the inventors in an article entitled 
"Efficient Coupling in Integrated Twin-Waveguide Lasers 

20 Using Waveguide Tapers" published in volume 11, number 9, of 
the IEEE Photonic Technology Letters (September 1999) , the 
contents of which are hereby incorporated by reference, 
suggest a design for integrating lasers using waveguides. 
Further, in an article entitled "Asymmetric Twin-Waveguide 

25 1.55-/xm Wavelength Laser with a Distributed Bragg 

Reflector," published in volume 12, number 5, IEEE Photonic 
Tech. Letters (May 2000) , the contents of which are hereby 
incorporated, by reference, the inventors have disclosed 
designs for a laser device based upon the asymmetric twin 

30 waveguide design. 

While these developments show promise for the ATG 
design, the need exists to develop the complex circuits 
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often touted but, as of yet, not realized from PIC 
technology. Specifically, there is a need for improved PIC 
platforms that combine multiple optical devices, both active 
and passive, on a single substrate. More particularly, as 
5 described in an article by Nisa Hhan and Jim Rue entitled 
"Manufacturers Focus on the 40Gbit/s Challenge, 11 published 
in the June/ July 2000 edition of FiberSystems International, 
the contents of which hereby incorporated, there is a need 
in the art for improved integrated photonic devices such as 
10 high speed detectors. Furthermore, there is a need to 

integrate photo-optical amplifiers with detectors so as to 
improve detector responsivity . 

SUMMARY OF THE INVENTION 

Briefly, the present invention meets these and 

15 other needs in the art . 

According to a first aspect of the invention, an 
asymmetric twin waveguide photo-detector device is provided. 
The photo-detector device comprises a coupling waveguide for 
providing low- coupling loss with an external optical fiber 

20 and for guiding primarily a first mode of light, a second 
waveguide vertically coupled to the first waveguide for 
guiding primarily a second mode of light having an effective 
index of refraction different from the first mode, and a 
photo-detector vertically coupled to the second waveguide. 

25 Light received at the coupling waveguide is moved into the 
second waveguide via a lateral taper in the second 
waveguide. The photo-detector device adjacent to the second 
waveguide receives the light propagating in the second 
waveguide via evanescent coupling. 
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According to another aspect of the invention there 
is provided a PIC device comprising more than two vertically 
stacked asymmetric waveguides. A PIC device with more than 
two asymmetric waveguides allows for the integration of 
5 varied types of devices in a single wafer. For example, 
while one waveguide may be employed for coupling with 
another device, a second waveguide may be used to amplify 
signals, and still another waveguide may be used to 
transport the amplified signal to another device. Expanding 
10 the number of asymmetric waveguides beyond two greatly 
enhances the number and types of devices that can be 
devised. 

According to another aspect of the invention, an 
embodiment of a PIC device comprising more than two 

15 vertically integrated asymmetric waveguides is disclosed. 
Specifically, there is provided an asymmetric waveguide 
based photo-detector device having an optical amplifier 
integrated therein. The photo-detector device comprises a 
coupling waveguide designed to provide low- coupling loss 

20 with an external optical fiber and which guides primarily a 
first mode of light, a second waveguide for guiding and 
amplifying primarily a second mode of light having a higher 
effective index of refraction than the first mode of light, 
a third waveguide for guiding primarily a third, mode of 

25 light having a higher effective index of refraction than the 
second mode of light, and a photo-detector which is 
evanescently coupled to the third waveguide. In the 
amplifier photo-detection PIC, light enters the coupling 
waveguide and is coupled, via the lateral taper, to the 
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second waveguide comprising an optical amplifier. The light 
is amplified across the length of the second waveguide and 
coupled into the third waveguide via a second lateral taper. 
While propagating in the third waveguide the light is 
5 absorbed by the photo-detector that is evanescently coupled 
to the third waveguide. The amplifier photo-detector device 
represents just one of the many types of devices that may be 
devised using more than two vertically stacked asymmetric 
waveguides . 

10 Photo-detectors and amplifier photo-detectors in 

accordance with the invention offer substantially improved 
receiver responsivity . Indeed, detectors in accordance with 
the invention are operable to receive optical signals 
transmitted at rates at least up to 40 GHz. Furthermore, 

15 the detectors are tolerant of variances resulting during 
manufacturing. Thus, photo-detectors and amplifier photo- 
detectors in accordance with the invention are particularly 
well suited for use in commercial optical communication 
devices . 

20 Additional aspects of the invention are described 

in detail below. 

BRIEF DESCRIPTION OF THE DRAWINGS 
Other features of the invention will be further 
apparent from the following detailed description of 
25 presently preferred exemplary embodiments of the invention 
taken in conjunction with the accompanying drawings, of 
which: 

Figure 1A is a perspective view of a photo- 
detection PIC in accordance with an aspect of the invention; 
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Figure IB is a second perspective view of a photo - 
detection PIC in accordance with an aspect of the invention; - 

Figure 2 is a sectional view of a photo -detect ion 
PIC in accordance with an aspect of the invention; 
5 Figure 3 is a top plan view of a photo-detection 

PIC in accordance with an aspect of the invention; 

Figure 4 is a flowchart of a process for 
manufacturing a photo- detect ion PIC in accordance with an 
aspect of the invention; 
10 Figure 5 is a graph of the responsivity of a 

photo-detection PIC in accordance with the invention as a 
function of the growth rate of its composite layers; 

Figure 6 is a graph of the responsivity of a 
photo-detection PIC in accordance with the invention as a 
15 function of the width of the lateral taper formed therein; 

Figure 7 is a perspective view of a PIC comprising 
more than two vertically integrated waveguides in accordance 
with the invention; 

Figure 8 is a perspective view of an asymmetric 
20 photo-detection PIC with optical amplifier in accordance 
with an aspect of the invention; and 

Figure 9 is a sectional view of an amplifier 
photo-detection PIC in accordance with an aspect of the 
invention; 

25 Figure 10 is a flowchart of a process for 

manufacturing an amplifier photo-detection PIC in accordance 
with an aspect of the invention; 

Figure 11 provides a graphical representation of 
the optical power in various portions of an amplifier photo- 
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detection device in accordance with the invention as a 
function of time; 

Figure 12 is a top view of an amplifier photo- 
detector in accordance with the invention incorporating a 
5 filter; and 

Figure 13 is a graph of the calculated minimum 
input power (in dBm) to achieve a bit-error rate of 10" 9 as a 
function of amplifier gain. 

DETAILED DESCRIPTION OF THE INVENTION 

10 A system and method with the above-mentioned 

beneficial features in accordance with a presently preferred 
exemplary embodiment of the invention will be described 
below with reference to FIGURES 1-13. It will be 
appreciated by those of ordinary skill in the art that the 

15 description given herein with respect to those figures is 
for illustrative purposes only and is not intended in any 
way to limit the scope of the invention. All questions 
regarding the scope of the invention may be resolved by 
referring to the appended claims. 

20 Generally, the present application is directed 

toward monolithically integrated asymmetric waveguide 
structures. An asymmetric twin waveguide (ATG) design has 
been disclosed in co-pending U.S. Patent Application Serial 
Number 09/337,785, filed on June 22, 1999, entitled "Twin 

25 Waveguide Based Design for Photonic Integrated Circuits," 
the contents of which are hereby incorporated by reference 
in their entirety. Generally, the ATG design employs two 
waveguides wherein each waveguide is designed to guide 
primarily one mode of light with each mode having a 
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different effective index of refraction. A lateral taper in 
one of the waveguides induces coupling of light between the 
waveguides. The lateral taper operates to change the 
effective refractive index of a mode of light traveling in 
5 the first waveguide to a second mode that propagates 

primarily in the second waveguide. This transition occurs 
across the length of the taper. Thus, a mode of light 
having a first index of refraction may begin to propagate in 
second waveguide at the beginning of a taper, and be 

10 transitioned to a second mode of light having a higher 

effective index of refraction by the end of the taper region 
which causes the mode to be essentially locked into 
propagating in the second waveguide. 

The present application is directed toward PIC 

15 devices having a plurality of vertically integrated 

waveguides with lateral tapers formed therein. According to 
a first aspect of the invention, a photo-detection PIC is 
provided having a photo-detector evanescently coupled to one 
of a plurality of waveguides. Light received at a first 

2 0 waveguide is coupled into to a second waveguide via a 

lateral taper in the second waveguide. A photo-detector 
device on top of the second waveguide receives the light 
propagating in the second waveguide through evanescent 
coupling. Thus, light received at the first waveguide is 

25 detected by a detector evanescently coupled to the second 
waveguide . 

Figure 1A provides a perspective view of an 
exemplary photo-detector device in accordance with an aspect 
of the present invention. As shown, the monolithically 
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integrated photo-detection PIC 110 is situated on substrate 
112 and comprises a first waveguide 114, a second waveguide 
116, and a detector 118. Photo-detection PIC 110 further 
comprises n contact 120 and p contact 122. Waveguide 114 is 
5 designed to provide a low- coupling loss from a lensed or 
cleaved single mode optical fiber. In an exemplary 
embodiment the coupling loss between waveguide 114 and a 
lensed or cleaved optical fiber is less than 2 dB. Further, 
waveguide 114 has a far- field pattern angle of between about 

10 13 degrees and 18 degrees in both a vertical and horizontal 
direction. In the exemplary embodiment, the materials and 
relative thickness of those materials comprising waveguide 
114 have been selected such that a mode of light propagating 
primarily in waveguide 114 has an effective index of 

15 refraction of between about 3.173 and 3.177. 

Waveguide 116 is situated on top of and is 
integrally formed with waveguide 114. Waveguide 116 has 
been designed to guide primarily one mode of light wherein 
the mode of light has a higher effective index of refraction 

20 than the mode of light propagating in waveguide 114. In an 
exemplary embodiment, the effective index of refraction of 
the mode of light propagating in waveguide 116 is between 
about 3.2 and 3.22. Waveguide 116 has a lateral tapered 
area 117 to improve the coupling of light from waveguide 114 

25 to waveguide 116 . . In an exemplary embodiment the coupling 
loss between waveguide 114 and waveguide 116 is less than 1 
dB. 

Detector 118 is situated on top of and integrally 
formed with waveguide 116. In an exemplary embodiment, 



WO01885771 ffile.7/C:\Pocuments and Settin q s\VinetaS\Local Settings\Temporary Internet Files\0LK18\W0Q1 88577 l.cpc] 



Page 12 of 54 



WO 01/88577 PCT/US01/14756 

- 11 - 

detector 118 is a PIN type detector comprising a p+ cladding 
layer, an n+ matching layer, and an InGaAs absorption layer. 
In an exemplary embodiment, the absorption coefficient 
between waveguide 116 and detector 118 is such that greater 
5 than 80% of the light is absorbed in the span of about 30 ftm 
of the photo-detector. It should be noted that while in the 
exemplary embodiment detector 118 is separate from waveguide 

116, in alternative embodiments, detector 118 might be 
integrated in waveguide 116. 

10 Light enters photo-detection PIC 110 through 

waveguide 114, which may be coupled to another device such 
as, for example an optical fiber. At least a first mode of 
light propagates through waveguide 114 and upon reaching 
tapered portion 117 of waveguide 116, begins to propagate in 

15 waveguide 116. The effective index of refraction of the 

first mode increases across the length of taper region 117. 
As a consequence, upon reaching the wide end of taper region 

117, the light propagating in the taper is transitioned into 
a second mode of light which is primarily confined to 

20 waveguide 116, The second mode of light propagating 

primarily in waveguide 116 is evanescently coupled to 
detector 118. Over the length of detector 118, sufficient 
quantities of the evanescent fields can be absorbed to 
effectively identify the presence of light in waveguide 116. 
25 Figure IB provides a perspective view of an 

embodiment of photo-detector device 110. As shown, photo- 
detector device 110 may further comprise reflector 130. 
Reflector 130 is positioned adjacent waveguides 114 and 116 
and operates to reflect light that is incident thereon. 
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Accordingly, light propagating in waveguide 114 that is not 
absorbed in detector 118 upon a first pass, is reflected 
back in waveguide 114 and can be absorbed during a second 
pass under detector 118. By providing for a second pass of 
5 light under detector 118, reflector 130 potentially 

increases the responsivity of device 110. Furthermore, 
because reflector 130 provides for a double-pass of light 
below detector 118, detector 118 may be physically smaller 
and still provide the same level of responsivity. Reflector 

10 130 may be comprised of a reflective metal such as, for 
example, gold or silver. Reflector 13 0 might also be 
comprised of a dielectric stack. 

An asymmetric waveguide detector in accordance 
with the invention is characterized by minimum coupling loss 

15 and low polarization sensitivity. Indeed, the responsivity 
of the detector is largely independent of polarization. 
These characteristics of the invention are, in part, a 
function of the physical composition of the waveguides. 

Figure 2 provides an exemplary sectional view of 

20 photo-detection PIC 110. As shown, PIC 110 is grown on a 
semi-insulating or doped InP substrate 112. Coupling 
waveguide 114 comprises five 500A thick InGaAsP (bandgap E g = 
1.03eV) layers 210 interspersed between six 0.55 /im thick 
InP layers 212. The composition of waveguide 114 has been 

25 designed such that a mode of light propagating primarily in 
waveguide 114 has an effective index of refraction of 
between about 3.173 and 3.177. 

Waveguide 116 comprises a central InGaAsP layer 
214 having a thickness of between 0.25 and 0.2 9 fim. 
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Waveguide 116 further comprises two 300 A InGaAsP layers 
216, one on either side of central layer 214, each of which 
is positioned between two 900 A thick InP layers 218. 
Waveguide 116 has been designed such that a mode of light 
5 propagating primarily in waveguide 116 has an effective 
index of refraction of between about 3.2 and 3.22. In 
accordance with the asymmetric design of the PIC 110, layers 
214, 216, and 218 result in a mode of light that propagates 
primarily in waveguide 116 having a higher effective index 

10 of refraction than that of the mode propagating primarily in 
waveguide 114. 

A 0.15 [iva thick n-doped layer 220 is positioned 
between waveguide 116 and PIN detector 118 to increase 
evanescent coupling and absorption. PIN detector 118 

15 comprises n-doped layer 222 which is between about 0.1 and 
0.3 jim thick, an In 0t53 Gao.4 7 As absorption layer 224 which is 
between about 0.5 and 0.6 fim thick, and a p-doped InP layer 
226 which is about 0.6 /an thick. One skilled in the art will 
recognize that in an alternative embodiment, the polarity of 

20 the doping layers in the PIN structure may be reversed to 
form a p+ bottom layer, undoped InGaAs layer and a top n+ 
layer. 

The low coupling loss and low polarization 
sensitivity associated with the present invention is also a 
25 function of lateral taper 117. In addition, a lateral taper 
in accordance with the invention is tolerant of variations 
in width associated with fabrication imperfections. A 
lateral taper with a slow or adiabatic change in width over 
a relatively long length, such as, for example 1 mm, may 



WO01885771 ffite://C:\Documents and Settings\VinetaS\Local Setti ng s\Temporary Internet Files\OLK18\WO01 88577 l.c pc] Page 15 of 54 

WO 01/88577 PCT/US01/14756 

- 14 - 

exhibit such characteristics. The inventors, however, have 
created an asymmetric waveguide design, which provides the 
low coupling loss, low polarization sensitivity, and 
tolerance of fabrication imperfections, using a lateral 
5 taper of significantly shorter proportions, i.e. between 
about 250 and 400 /mi. 

Figure 3 provides a top view of photo- 
detection PIC 110. In the exemplary embodiment, the width 
of the coupling guide 114, referred to herein as W FIB , is 5 

10 /zm. The width of the tapered end of waveguide 116, referred 
to herein as W XAPEND , is 1 /im. The width of the taper at one 
point, which in the exemplary embodiment is the taper's 
widest point, referred to herein as W TAP , is between about 
1.8 and 2.2 /zm. The length of the taper from its end to the 

15 point corresponding to W TAP , which is referred to herein as 
L TAP , is between about 250 and 400 /zm. The above described 
values for W TAPEND , W TAP , and 1*^ result in a lateral taper 
angle, 0, of between about 0.05 and 0.09 degrees. The 
length of detector 118, which is referred herein as L DET , is 

20 between about 20 and 50 yum. 

Photo-detection PIN 110 is manufactured through a 
series of masking and etching steps. Figure 4 provides a 
flowchart of a process for manufacturing a photo-detection 
PIN in accordance with an aspect of the invention. As 

25 shown, at step 410, a monolithic structure comprising layers 
as described above with reference to Figure 2 is grown by 
molecular beam epitaxy (MBE) or metal -organic chemical vapor 
deposition (MOCVD) , for example, in a single epitaxial step 
on InP substrate 112. At step 412, the outline of detector 
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122 is defined via masking and the surrounding layers etched 
away to the top of waveguide 116. At step 414, waveguide 
116 with lateral taper 117, is defined via masking and the 
surrounding areas etched away to the top of waveguide 114 . 
5 At step 416, an outline of waveguide 114 is defined via 

masking and the surrounding areas etched away to the top of 
substrate 112. 

As has been previously noted, the efficiency of 
transfer of light, i.e. the coupling loss and polarization 

10 sensitivity, between waveguide 112 and waveguide 114 is 
dependent on the asymmetry between the two waveguides and 
the dimensions of taper 117 . With respect to waveguide 
asymmetry, the inventors have used the same InGaAsP growth 
material, assumed to be deposited at the same growth rate, 

15 in both waveguides. The degree of asymmetry between guides 
is determined by the growth times for the various InGaAsP 
layers that make up the two guides and not by differences in 
the composition of the material layers. Furthermore, any 
drift in the InGaAsP growth rate, which may be ± 10%, 

20 affects both waveguides. 

Figure 5 provides a graph of the responsivity (in 
amperes per watt) of a detector in accordance with the 
invention as a function of the growth rate of the InGaAsP 
layers that comprise the detector. The growth rate variation 

25 is normalized with respect to a particular layer design that 
yields high responsivity in this detector structure. As 
shown, where the growth rate of the InGaAsP layers is 
between about 0.9 and 1.1, or a ± 10% variation, the 
responsivity of the detector is largely unaffected by the 
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variation and is above 0.8 A/W. Thus, the detector 
performance (responsivity) is tolerant to growth rate 
variations that may occur during deposition of the InP 
and/or InGaAsP layers of the structure. 
5 With respect to the design of lateral taper 117, 

the inventors have selected design parameters to minimize 
the coupling losses between the waveguide 114 and waveguide 
116 and thereby increase the responsivity of the detector. 
Also, lateral taper 117 is designed to provide performance 

10 that is largely independent of variations resulting from 
fabrication imperfections. 

Figure 6 provides a graph of the responsivity of a 
detector in accordance with an aspect of the invention as a 
function of the width of the lateral taper. As shown in 

15 Figure 6, for a taper with a width at the tapered end (W TAPEND ) 
of 1.0 /zm, and a taper length (L>tap) equal to 400 /zm, the 
highest responsivity from detector 118 is obtained when the 
width of the taper at its widest point (W XAP ) is between 
about 1 . 8 and 2.2 /zm . 

20 Figures 5 and 6 confirm that a photo- detection 

device having the above -described measurements is highly 
responsive. Indeed, a photo-detection device having the 
above -described properties is suitable for use at speeds of 
at least up to 40GHz. The inventors have empirically 

25 concluded that for the exemplary embodiment of the photo- 
detection device the polarization sensitivity is less than 
0.5 dB. Furthermore, because the photo-detector is tolerant 
of variances resulting from manufacturing imperfections in 
addition to being operable at very high speeds, it is 
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particularly well suited for use in commercial optical 
communications equipment: 

According to another aspect of the invention there 
is provided a PIC device comprising more than two vertically 
5 coupled asymmetric waveguides. A PIC device with more than 
two vertically coupled asymmetric waveguides allows for the 
integration of numerous and varied types of devices in a 
single wafer. For example, while one waveguide may be 
employed for coupling with another device, a second 

10 waveguide may be used to amplify signals, and still another 
waveguide may be used to transport the amplified signal to 
another device. Expanding the number of asymmetric 
waveguides beyond two greatly enhances the number and types 
of devices that can be devised in a single wafer. 

15 Figure 7 provides a perspective view of an 

exemplary PIC device comprising more than two vertically 
coupled asymmetric waveguides. As shown, PIC 710 comprises 
first waveguide 712, second waveguide 714, and third 
waveguide 716. The materials and relative thickness of 

20 those materials that comprise waveguides 712, 714, and 716 
are selected such that a different mode of light, each 
having a different effective index of refraction, propagates 
primarily in one of the waveguides. Lateral tapers are 
formed in the waveguides to control the movement of light 

25 between waveguides. For example, waveguide 714 has lateral 
taper 718 formed therein for coupling light between 
waveguide 712 and waveguide 714. Likewise, waveguide 716 
has lateral taper 720 formed therein for moving light 
between waveguide 716 and waveguide 714. 
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Waveguides 712 , 714, and 716 may be employed to 
provide active and passive devices on a single substrate. 
For example, the waveguides may be used to provide active 
devices such as, for example, semiconductor optical 
5 amplifiers, and lasers. Also, the waveguides may be 

employed to provide passive devices such as, for example, 
detectors, couplers, splitters, Mach Zehnder 
interferometers, grating sections, and arrayed waveguide 
(AWG) routers. Of course, waveguides 712, 714, and 716 may 
10 be used simply to transport light from one device to 
another . 

Thus, according to an aspect of the invention, 
more than two vertically integrated waveguides are provided 
that have been designed such that a particular mode of light 

15 propagates primarily in each of the waveguides. Lateral 

tapers are formed in the waveguides to control the transfer 
of the modes of light between waveguides. Further, active 
and passive devices may be designed around the waveguides. 
It is, therefore, possible to combine active and passive 

20 devices on a single chip in numerous combinations to form 
varied types of complex PIC devices. 

An amplifier photo-detection PIC represents an 
exemplary embodiment of a PIC device comprising more than 
two vertically coupled asymmetric waveguides. In the 

25 amplified photo-detection PIC, light enters a first 

waveguide and is coupled to a second waveguide comprising an 
optical amplifier. The amplifier may be a semiconductor 
optical amplifier (SOA) or traveling wave amplifier (TWA) . 
After being amplified over the length of the second 
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waveguide, the light is coupled into a third waveguide, and 
ultimately absorbed by a photo-detector which is 
evanescently coupled to the third waveguide. 

Figure 8 provides a perspective view of an 
5 exemplary asymmetric photo-detection PIC having an optical 
amplifier in accordance with the invention. As shown, the 
monolithically integrated photo-detection PIC 810 is 
situated on substrate 812 and comprises coupling waveguide 
814, amplifying waveguide 816, a third waveguide 818, and a 

10 detector 820. Waveguide 814 is about 5 /xm wide and is 

designed to provide a low-coupling loss, for example, less 
than 2dB, from a lensed or cleaved single mode optical 
fiber. Waveguide 814 has a far-field pattern angle of 
between about 13 degrees and 18 degrees in both a vertical 

15 and horizontal direction. Waveguide 814 is designed such 

that a first mode of light propagates primarily in waveguide 
814. In an exemplary embodiment, the first mode of light 
has an effective index of refraction of about 3.2. 

Amplifying waveguide 816 is situated on top of and 

20 is integrally formed with waveguide 814. Waveguide 816 has 
an optical amplifier formed therein that may contain, for 
example, multiple quantum wells (MQWs) or a bulk active 
region. Waveguide 816 is designed such that a second mode 
of light propagates primarily in the waveguide 816. In 

25 accordance with the asymmetric waveguide design, the second 
mode of light propagating in the second waveguide 816 has an 
effective index of refraction of about 3.32 which is greater 
than the effective index of refraction associated with the 
first mode of light propagating in waveguide 814. Waveguide 

30 816 has a lateral tapered area 817 to improve the coupling 
of light from waveguide 814 to waveguide 816. In an 
exemplary embodiment, the coupling loss between waveguide 
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816 and waveguide 814 is less than Idb. 

Waveguide 818 is situated on top of and is 
integrally formed with waveguide 816. Waveguide 818 is 
designed such that a third mode of light propagates 
5 primarily in the waveguide. In accordance with the 
asymmetric waveguide design, the third mode of light 
propagating in waveguide 818 has an effective index of 
refraction of about 3.37 which is greater than the effective 
index of refraction associated with the second mode of light 

10 propagating in waveguide 816. Waveguide 818 also has a 
lateral tapered area 819 to improve the coupling of light 
from waveguide 816 to waveguide 818. In an exemplary 
embodiment, the coupling loss between waveguide 818 and 
waveguide 816 is less than Idb. It should be noted that 

15 while in the exemplary embodiment tapers sections 819 and 

817 do not overlap, in alternative embodiments, tapers 817 
and 819 could overlap partially or even entirely, depending 
upon the application. 

Detector 82 0 is situated on top of and integrally 
20 formed with waveguide 818. In an exemplary embodiment, 

detector 820 is between about 20 and 50 fim long and is a PIN 
type detector comprising p+ cladding layer 83 0, n+ matching 
layer 832, and an InGaAs absorption layer 834. The polarity 
of the doping layers in the PIN structure may be reversed 
25 from that shown. The absorption coefficient between 

waveguide 818 and detector 820 is greater than 80% in the 
span of 30 fxm of photo-detector 820. It should be noted 
that while in the exemplary embodiment detector 820 is a 
component separate from waveguide 818, in alternative 
30 embodiments, detector 820 might be integrated in waveguide 
818. 

Waveguide 818 comprises an extension area 84 0 
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which extends in front of taper area 819. Top surface 842 
of waveguide 818 provides a first contact area for 
activating the amplifier comprised in waveguide 816. In the 
exemplary embodiment, the contact is a p+ contact. The 
5 second contact for activating the amplifier of waveguide 816 
is top surface 844 of waveguide 814. In the exemplary 
embodiment, the second contact is an n+ contact. Applying a 
voltage across the contacts activates the amplifier 
comprised in waveguide 816 which causes light propagating 

10 therein to be amplified. 

Light enters photo-detection PIC 810 via 
waveguide 814, which may be coupled to another device such 
as, for example an optical fiber. At least a first mode of 
light propagates through waveguide 814 and upon reaching 

15 tapered portion 817 of waveguide 816, begins to propagate in 
waveguide 816. The effective index of refraction of the 
first mode increases across the length of taper region 817. 
As a consequence, upon reaching the wide end of taper region 
817, the light propagating in the taper is transitioned into 

20 a second mode of light which is primarily confined to 
waveguide 816. While propagating in waveguide 816, the 

light experiences gain as a result of the optical amplifier 
therein. The second mode of light propagating primarily in 
waveguide 816, upon reaching tapered portion 819 of 

25 waveguide 818, begins to propagate in waveguide 818. The 
effective index of refraction of the second mode increases 
across the length of taper region 819. As a consequence, 
upon reaching the wide end of taper region 819, the light 
propagating in the taper is transitioned into a third mode 

30 of light which is primarily confined to waveguide 818. 

Waveguide 818 is evanescently coupled to detector 820. 
Sufficient quantities of the evanescent fields can be 
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absorbed across a short distance, for example 20 to 100 fxm, 
of detector 820 to effectively identify the presence of 
light in waveguide 818. 

Figure 9 provides a cross sectional view of an 
5 exemplary asymmetric photo-detector PIC having an optical 
amplifier in accordance with an aspect of the invention. As 
shown, PIC 810 is grown on a semi -insulating substrate 812, 
which in an exemplary embodiment is composed of InP. 
Coupling waveguide 814 comprises InGaAsP layer 910, which is 

10 about 3 /zm thick. In an alternative embodiment, coupling 
waveguide 814 might comprise several thin InGaAsP layers 
having a higher index of refraction interspersed with InP 
layers to form a single-mode diluted waveguide. Referring 
to Figure 9, waveguide 816 comprises three InGaAsP quantum 

15 wells 912 positioned between two confinement heterostructure 
layers 914 each of which is about 0.15 /zm thick. The 
quantum wells are tensile and compressive strained to form a 
polarization insensitive optical amplifier. Waveguide 818 
comprises InGaAsP layer 914 which is about 0.6 /xm thick. 

2 0 Detector 818 comprises n-doped layer 916, InGaAs absorption 
layer 918, and p-doped InP layer 920. In alternative 
embodiment, the polarity of the doping layers in the PIN 
structure may be reversed to form a p+ bottom layer, an 
undoped InGaAs layer and a top n+ layer. 

25 Asymmetric photo- detect ion PIC 810 is manufactured 

through a series of masking and etching steps. Figure 10 
provides a flowchart of a process for manufacturing a photo- 
detection PIN in accordance with an aspect of the invention. 
As shown, at step 1010, a monolithic structure comprising 

30 layers as described above with reference to Figure 9 is 
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grown by MBE or MOCVD, for example, in a single epitaxial 
step on InP substrate 112. At step 1012, the outline of 
detector 820 is defined via masking, and the surrounding 
layers etched away to the top of waveguide 818. At step 
5 1014, waveguide 818, which has lateral taper 819 formed 
therein, is defined via masking and the surrounding areas 
etched away to the top of waveguide 816. At step 1016, the 
outline of waveguide 816 is defined via masking and the 
surrounding areas etched away to the top of waveguide 814. 

10 At step 1018, an outline of waveguide 814 is defined via 

masking and the surrounding areas etched away to the top of 
substrate 112. At step 1020 contacts are formed on detector 
820 and amplifying waveguide 816. 

The inventors have empirically concluded that an 

15 amplifier photo-detection PIC 810 as described above is 

operable. Figure 11 provides a graphical representation of 
the optical power along the length of amplifier photo- 
detection device 810 for light injected into coupling 
waveguide 814. On the left side of Figure 11 a top view of 

20 the amplified photo-detector 810 is shown. Coupling 

waveguide 814, lateral tapers 817 and 819, and detector 820 
are illustrated. As optical power propagates through device 
810, the various components experience varying levels of 
power . 

25 The corresponding graph shown on the right side of 

Figure 11 illustrates the power experienced at the different 
sections of detector PIC 810 as a function of time. Line 
1110 represents the power experienced by coupling waveguide 
814. Line 1112 represents the power experienced in 
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amplifying waveguide 816. Line 1114 represents the power 
experienced in waveguide 1116. Line 1116 represents the 
total power in the system. 

Optical power entering device 810 initially 
5 encounters coupling waveguide 814. Accordingly, line 1110, 
which represents the power in waveguide 814, initially has a 
non-zero value. As an optical signal propagates in device 
810, it experiences taper 817 of waveguide 816, wherein the 
power is coupled into waveguide 816. Accordingly, line 

10 1112, which represents the power in waveguide 816, begins to 
rise at the location of taper 817. Line 1112 continues to 
rise across the length of waveguide 816 illustrating the 
amplifying characteristics of waveguide 816. An optical 
signal propagating in device 810 next encounters taper 819, 

15 wherein the power is coupled into waveguide 818. 

Accordingly, line 1116, which represents the power in 
waveguide 818, begins to rise at the location of taper 819. 
Finally, optical power propagating all the way through 
device 810 is absorbed into detector 820. Accordingly, at 

20 the location corresponding to the beginning of detector 82 0, 
power in all portions of device, as indicated by lines 1110, 
1112, 1114, and 1116, quickly falls off. 

Thus, an asymmetric amplifier photo-detector in 
accordance with an aspect of the invention is operable to 

25 amplify optical power prior to absorption by a photo- 
detector. The amplification of the optical signal prior to 
detection improves receiver responsivity . This is 
especially important for signals having higher bit rates 
where thermal noise of the electrical amplifier dominates 
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the detector sensitivity. 

It is known that amplified spontaneous emission 
(ASE) can interfere with the responsivity of a receiver. 
Accordingly, it may be desirable to incorporate a filter 
5 into a photo-detector device to reduce ASE. Figure 12 

provides a top plan view of a detector device in accordance 
with the invention that incorporates an ASE filter. As 
shown, device 1210 comprises a coupling waveguide 1212, a 
second waveguide 1214 having an optical amplifier therein, 

10 and a third waveguide 1216 with a detector 1218 coupled 
thereto. Device 1210 further comprises a grating filter 
1220 positioned between second waveguide 1214 and third 
waveguide 1216. As described in detail in an article by 
Alferness et al . , entitled "Grating-Assisted InGaAsP/lnP 

15 Vertical Codirectional Coupler Filter", 55 Applied Physics 
Letters at 2011-13 (November, 1989) , the contents of which 
are hereby incorporated by reference in their entirety, a 
grating filter operates to eliminate ASE and the shot noise 
induced by the ASE which could interfere with the 

20 responsivity of the receiver. The light exiting waveguide 
1214 is filtered by grating filter 1220 prior to entering 
waveguide 1216. In the exemplary embodiment of Figure 12, 
grating filter 1220 is a parallel coupler grating wherein 
the grating filter operates across two parallel waveguides. 

25 In an alternative embodiment, grating filter 1220 may be a 
straight -on grating, without the parallel coupler. It 
should be noted that grating filter 1220 might also be 
tunable, allowing for the selective filtering of 
wavelengths. In such an embodiment , . grating filter 1220 can 
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be modulated/ or tuned to allow a specific wavelength of 
light to be incident on the detector section coupled to 
waveguide 1216. 

Figure 13 illustrates the improvement in receiver 
5 responsivity resulting from amplification such as that 

provided by an amplifier photo-detector in accordance with 
the invention. Figure 13 is a graph of the calculated 
minimum input power (in dBm) that can be detected at the 
photo-detector in order to obtain a bit-error rate of 10' 9 as 

10 a function of amplifier or SOA gain. Dotted line 1310 

represent the minimum input power that can be detected in 40 
GBps detector, which does not have an amplifier therein, in 
order to achieve a bit -error rate of 10~ 9 . Similarly, dotted 
line 1312 represent the minimum power that can be detected 

15 in a 10 GBps detector, which also does not have an amplifier 
therein, in order to achieve a bit-error rate of 10" 9 . 
Because lines 1310 and 1312 represent photo-detectors 
without an amplifier element, the lines are horizontal. 

By comparison, line 1314, which represents the 

20 minimum input power that can be detected in order to obtain 
a bit error rate of 10" 9 in a 40 gigabit amplifier detector, 
falls off quickly as amplification increases. Dotted line 
1316 represents the minimum input power that can be detected 
for a 40 gigabit amplifier detector having a filter therein. 

25 Line 1318 represents the minimum input power that can be 

detected in order to obtain a bit error rate of 10~ 9 in a 10 
gigabit amplifier detector. Dotted line 1320 represents the 
input power that can be detected for a 10 gigabit amplifier 
detector having a filter therein. 
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As illustrated by lines 1314 and 1318, the minimum 
input power that can be detected to achieve a bit error rate 
of 10~ 9 decreases as the amplifier gain in the amplifier 
photo-detector increases. When the gain increases to beyond 
5 about 15 dB, the input power needed to achieve the desired 
bit error rate begins to level off. Comparing line 1310, 
which corresponds to a 40 GBps detector without an 
amplifier, and line 1314, which corresponds to a 40 GBps 
detector with an amplifier, it can be seen that where the 

10 gain in the detector exceeds about 15 dB, the amount of 

input power that can be received at the detector in order to 
obtain the desired bit error rate is reduced by 
approximately 10 dB. Thus, a significant increase in 
detector responsivity is achieved through the use of pre- 

15 amplification. Furthermore, as illustrated by lines 1316 
and 1318, adding a filter to reduce ASE results in an even 
more responsive amplifier detector where the amplifier gain 
is above about 15 dB. However, it should be noted that for 
higher baud rate detectors such as, for example, the 40 

20 gigabit detector represented by lines 1314 and 1316, the 

filter does not improve responsivity as greatly as for lower 
baud rate receivers such as, for example, the 10 gigabit 
detector represented by lines 1318 and 1320. 

Thus, there have been disclosed improved 

25 monolithic integrated photo-detector devices and improved 
PIC device designs. According to an aspect of the 
invention, an asymmetric waveguide based photo-detector PIC 
is provided. The exemplary embodiment of the improved 
photo-detector PIC is highly responsive and is operable for 

30 use at frequencies at least as high as 40 GHz. 
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There has further been disclosed a design for 
incorporating more than two vertically coupled asymmetric 
waveguides having lateral tapers in a single PIC device. 
For example, according to an aspect of the invention, there 
5 has been disclosed an amplifier optical -detector PIC. The 
PIC improves upon existing asymmetric detector designs by 
amplifying signals prior to detection. The amplified signal 
provides for greater accuracy of detection by diminishing 
inaccuracies introduced by noise in the electronic detection 
10 circuit. 

The amplifier optical-detector PIC is an example 
of the integration of multiple asymmetric waveguides and 
multiple device types, i.e. passive waveguides, amplifiers, 
and detectors, in a single PIC. The multiple asymmetric 

15 waveguide design can be applied to form other types of 

devices. In devices incorporating the present invention, 
passive waveguides may be used for efficient coupling to 
fibers and to form various passive devices such as, for 
example, couplers, splitter, Mach Zehnder interferometers, 

20 and arrayed waveguide (AWG) routers. In the same devices, 
optical amplifiers may be used to provide optical pre- 
amplification or to compensate for losses associated with 
communicating with PICs containing other passive components. 
Finally, these same devices may incorporate detectors, 

25 perhaps operating in an array of detectors, wherein each is 
capable of high-speed, low-noise, high dynamic range 
operation up to and beyond 40GHz. Thus, the inventors have 
created a multiple asymmetric waveguide design that may be 
used to provide the types of complex PICs that to this point 

30 have not been realized. 

While the invention has been described and 
illustrated with reference to specific embodiments, those 
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skilled in the art will recognize that modification and 
variations may be made without departing from the principles 
of the invention as described above and set forth in the 
following claims. For example, an integrated optical 
5 detector in accordance with the invention may comprise a 
taper having different measurements than those described. 
Also, the waveguides may be composed of materials different 
than those mentioned above such as, for example, GaAs , GaSb, 
and GaN, and may have thicknesses other than those 

10 described. Furthermore, the invention may be employed in a 
wide variety of devices. For example, an integrated 
amplifier optical -detector in accordance with the invention 
may be employed to make high sensitivity 4 0GHz receivers for 
optical communication links. Accordingly, reference should 

15 be made to the appended claims as indicating the scope of 
the invention. 
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CLAIMS 

What is claimed is: 

1. A device for operating on an optical signal 
comprising: 

5 a first waveguide for guiding primarily a first 

mode of light; 

a second waveguide for guiding primarily a second 
mode of light, said second waveguide positioned vertically 
relative to said first waveguide, wherein said second 

10 waveguide has a lateral taper formed therein for guiding 
said first mode of light between said first waveguide and 
said second waveguide and wherein said first mode of light 
has an effective index of refraction different from that of 
said second mode of light; and 

15 a photo-detector for detecting light propagating 

in said second waveguide, said photo-detector positioned 
vertically relative to said second waveguide and being 
separated from said first waveguide by said second 
waveguide. 

2 0 2. The device of claim 1, wherein said second 

mode of light has an effective index of refraction greater 
than that of said first mode. 

3. The device of claim 1, wherein said lateral 
taper is about 1 [iva wide at a first point and is between 

25 about 1.8 and 2 . 2 wide at a second point, and the length 
of the taper between said first point and said second point 
is between about 250 and 400 /an. 

4. The device of claim 1, wherein said lateral 
taper is between about 250 and 400 (im in length, said 
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lateral taper has a tapered end with a width of about 1 /zm, 
and said lateral taper is at least between about 1.8 and 2.2 
fim in width at a point along the length of said lateral 
taper . 

5 

5. The device of claim 1, wherein said lateral 
taper has a taper angle of between about .05 and .09 
degrees . 

6. The device of claim 1, wherein said first 
10 mode of light has an effective index of refraction of 

between about 3.173 and 3.177 and said second mode of light 
has an effective index of refraction between about 3.2 and 
3 .22. 

7. The device of claim 1, wherein said lateral 
15 taper is an adiabatic taper. 

•8. The device of claim 1, wherein said first 
waveguide has an input coupling loss from a cleaved or 
lensed fiber of less than 2 dB. 

9. The device of claim 1, wherein said first 

2 0 waveguide has a far- field pattern angle of between about 13 
degrees and 18 degrees in a vertical direction and a 
horizontal direction. 

10. The device of claim 1, wherein said second 
waveguide has a coupling loss with said first waveguide of 

25 less than 1 dB and has an absorption coefficient with said 
photo-detector of greater than 80% across 30 /zm of the 
photodetector . 
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11. The device of claim 1, wherein said second 
waveguide further comprises a reflector for reflecting light 
propagating in said second waveguide causing the light to 
propagate under said detector a second time. 

5 12. The device of claim 11, wherein said 

reflector comprises a metal coating. 

13. The device of claim 11, wherein said 
reflector comprises a dielectric stack. 

14. The device of claim 1 wherein the 
10 photodetector is a PIN device. 

15. The device of claim 14, wherein said PIN 
device comprises an In 0 .5 3 Ga 0 . 47 As absorption layer. 

16. A device for operating on an optical signal 
comprising : 

15 a first waveguide for guiding primarily a first 

mode of light; 

a second waveguide for guiding primarily a second 
mode of light, said second waveguide positioned vertically 
relative to said first waveguide, wherein said second 

20 waveguide has a lateral taper formed therein for guiding 
said first mode of light between said first waveguide and 
said second waveguide and wherein said first mode of light 
has an effective index of refraction different from that of 
said second mode of light; and 

25 at least one further waveguide for guiding 

primarily a third mode of light, said further waveguide 
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positioned vertically relative to said second waveguide and 
separated from said first waveguide by said second 
waveguide, wherein said further waveguide has a lateral 
taper formed therein for guiding said second mode of light 
5 between said second waveguide and said further waveguide and 
wherein said third mode of light has an effective index of 
refraction different from that of said second mode of light. 

17. The device of claim 1, wherein said second 
mode of light has an effective index of refraction greater 

10 than that of said first mode. 

18. The device of claim 17, wherein said third 
mode of light has an effective index of refraction greater 
than that of said second mode. 

19. The device of claim 16 wherein said lateral 
15 taper in said further waveguide is positioned substantially 

adjacent to said taper in said second waveguide. 

20. The device of claim 16, wherein said further 
waveguide comprises a photodetector . 

21. The device of claim 16, further comprising a 
20 photo-detector for detecting light propagating in said 

further waveguide, said photo-detector positioned vertically 
relative to said further waveguide and being separated from 
said second waveguide by said further waveguide. 

22. The device of claim 21, wherein said second 
25 waveguide comprises an optical amplifier. 
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23. The device of claim 16, wherein at least one 
of said first waveguide, said second waveguide, and said 
further waveguide is employed to form an active photonic 
device . 

5 24. The device of claim 23, wherein at least one 

of said first waveguide, said second waveguide, and said 
further waveguide is employed to form a passive photonic 
device . 

25. A detector for operating on an optical signal 

10 comprising: 

a first waveguide for guiding primarily a first 
mode of light; 

a second waveguide for guiding primarily a second 
mode of light, said second waveguide positioned vertically 

15 relative to said first waveguide, wherein said second 

waveguide has a lateral taper formed therein for guiding 
said first mode of light between said first waveguide and 
said second waveguide and wherein said first mode of light 
has an effective index of refraction different from that of 

20 said second mode of light; 

at least one further waveguide for guiding 
primarily a third mode of light, said further waveguide 
positioned vertically relative to said second waveguide and 
separated from said first waveguide by said second 

25 waveguide, wherein said further waveguide has a lateral 

taper formed therein for guiding said second mode of light 
between said second waveguide and said further waveguide and 
wherein said third mode of light has an effective index of 
refraction different from that of said second mode of light; 

30 and 
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a photo-detector for detecting light propagating 
in said further waveguide, said photo-detector positioned 
vertically relative to said further waveguide and being 
separated from said second waveguide by said further 
5 waveguide . 

26. The detector of claim 25, wherein said second 
waveguide comprises an optical amplifier. 

27. The detector of claim 25, wherein said 
photodetector is a PIN device. 

10 28. A device for operating on an optical signal 

comprising: 

a first waveguide for guiding primarily a first 
mode of light; 

a second waveguide for guiding primarily a second 

15 mode of light, said second waveguide positioned vertically 
relative to said first waveguide, wherein said second 
waveguide has a lateral taper formed therein for guiding 
said first mode of light between said first waveguide and 
said second waveguide and wherein said first mode of light 

20 has an effective index of refraction different from that of 
said second mode of light, and said second waveguide 
comprises an optical amplifier for amplifying the optical 
signal ; 

at least one further waveguide for guiding 
25 primarily a third mode of light, said further waveguide 

positioned vertically relative to said second waveguide and 
separated from said first waveguide by said second 
waveguide, wherein said further waveguide has a lateral 
taper formed therein for guiding said second mode of light 
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between said second waveguide and said further waveguide and 
wherein said third mode of light has an effective index of 
refraction different from that of said second mode of light; 
and 

5 a photo-detector for detecting light propagating 

in said further waveguide, said photo-detector positioned 
vertically relative to said further waveguide and being 
separated from said second waveguide by said further 
waveguide . 

10 29. The device of claim 28 , wherein said second 

mode of light has an effective index of refraction greater 
than that of said first mode. 

30. The device of claim 29, wherein said third 
mode of light has an effective index of refraction greater 

15 than that of said second mode. 

31. The detector of claim 30, wherein said first 
mode of light has an effective index of refraction in said 
first waveguide of about 3.2, said second mode of light has 
an effective index of refraction in said second waveguide of 

20 about 3.32, and said third mode of light has an effective 

index of refraction in said further waveguide of about 3.37. 

32. The device of claim 28, wherein said first 
waveguide has an input coupling loss from a cleaved or 
lensed fiber of less than about 2 dB. 

25 33. The device of claim 28, wherein said first 

waveguide has a far-field pattern angle of between about 13 
degrees and 18 degrees in a vertical direction and a 
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horizontal direction. 



34. The device of claim 28, wherein said further 
waveguide has a coupling loss with said second waveguide of 
less than 1 dB and has an absorption coefficient with said 
5 photo-detector of greater than 80% across 30 fxm of the 
photodetector . 



35. The device of claim 28 , wherein said further 
waveguide further comprises a reflector for reflecting light 
propagating in said second waveguide causing the light to 
10 propagate under said detector a second time. 
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36. The device of claim 28, wherein said second 
waveguide provides gain of up to about 20db to said second 
mode of light. 

37. The device of claim 28, further comprising a 
5 grating filter for filtering said second mode of light to 

remove amplified spontaneous emission prior to said second 
mode of light being coupled into said further waveguide. 

38. The device of claim 37, wherein said grating 
filter is a parallel coupler grating filter. 

10 39. The device of claim 37, wherein said grating 

filter is a straight grating filter. 



40. The device of claim 37, wherein said grating 
filter is tunable to allow a specific wavelength of light to 
be incident on said further waveguide. 
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Fig. 1A 
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FIG. 1B 
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